Infection by certain human papillomavirus types is regarded as the major risk factor in the development of cervical cancer, one of the most common cancers of women worldwide. Analysis of the immunogenic and structural features of papillomavirus vinons has been hampered by the inability to efficiently propagate the viruses in cultured cells. For instance, it has not been established whether the major capsid protein Li alone is sufficient for virus particle assembly. Relatively little is known about the immunity to papillomavirus infections, in large part due to the inability to generate virus stocks in vitro. Studies of immunity to papillomavirus infection have principally been conducted using the BPV model, since relatively large numbers of infectious virus particles can be isolated from BPV-induced warts, and, in contrast to the HPVs, a quantitative focal transformation assay for BPV infectivity has been developed (10). Rabbit antisera raised against infectious BPV1 virions have been shown to contain high-titer antibodies that inhibit focal transformation of C127 cells (10) and also inhibit transformation of fetal bovine skin grafts, whereas antisera raised against denatured virions do not (11). In addition, monoclonal antibodies (mAbs) that neutralized HPV11 infection in a mouse xenograft assay recognized native, but not denatured, HPV11 virions (12). Therefore, it appears that neutralizing antibodies recognize conformationally dependent epitopes. It has been reported that neutralizing antibodies can be generated against both bacterially derived BPV Li and L2 but these antibodies were of very low titer (13, 14) . Similarly, in vitro-synthesized cottontail rabbit papillomavirus Li and L2 only induced low-titer neutralizing sera (15, 16) . It is therefore not known whether the high-titer antibodies raised against intact virions principally recognize epitopes from Li, L2, or a combination of the two proteins.
of cervical cancer, one of the most common cancers of women worldwide. Analysis of the immunogenic and structural features of papillomavirus vinons has been hampered by the inability to efficiently propagate the viruses in cultured cells. For instance, it has not been established whether the major capsid protein Li alone is sufficient for virus particle assembly. In addition, it is not known whether Li, L2 (the minor capsid protein), or both present the immunodinant epitopes required for induction of high-titer neutralizing antibodies. We have expressed the Li major capsid proteins of bovine papillomavirus type 1 and human papovirus type 16 in insect cells via a baculovirus vector and analyzed their conformation and Immunogenicity. The Li proteins were expressed at high levels and assembled into structures that closely resembled papillomavirus virions. The self-assembled bovine papillomavirus Li, in contrast to Li extracted from recombinant bacteria or denatured virions, also mimicked intact bovine pap avirus virions in being able to induce high-titer neutralizing rabbit antisera. These results indicate that Li protein has the intrinsic capacity to assemble into empty capsid-like suctures whose immunogenicity is similar to infectious virions. This type of Li preparation might be considered as a candidate for a serological test to measure antibodies to conformations vrion epitopes and for a vaccine to prevent papillomavirus infection.
Papillomaviruses infect the epithelia of humans and a wide variety of animals, where they generally induce benign proliferation at the site of infection. However, in some cases the lesions induced by certain papillomaviruses undergo malignant progression. There is a strong association between malignant progression of human genital lesions and certain human papillomavirus (HPV) types, such as HPV16. Infection by one of these types is considered the most significant risk factor in the development of cervical cancer, one of the most common cancers of women worldwide (for review, see refs. 1 and 2). The majority of cervical carcinomas contain and express HPV early genes, and these genes have been shown to have potent transforming and immortalizing activ- (10) and also inhibit transformation of fetal bovine skin grafts, whereas antisera raised against denatured virions do not (11) . In addition, monoclonal antibodies (mAbs) that neutralized HPV11 infection in a mouse xenograft assay recognized native, but not denatured, HPV11 virions (12) . Therefore, it appears that neutralizing antibodies recognize conformationally dependent epitopes. It has been reported that neutralizing antibodies can be generated against both bacterially derived BPV Li and L2 but these antibodies were of very low titer (13, 14) . Similarly, in vitro-synthesized cottontail rabbit papillomavirus Li and L2 only induced low-titer neutralizing sera (15, 16 
MATERIALS AND METHODS
Ceil Culture and Virus Stocks. Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) and recombinant viruses were propagated as described (18) . Sf9 cells (ATCC, CRL 1711) were maintained in Grace's insect medium supplemented with lactalbumin (3.33 mg/ml), yeastolate (3.33 mg/ml), and 10% (vol/vol) fetal calf serum (GIBCO) in a 270C incubator.
Construction of Transfer Vectors Containing the HPV16-L1 and BPV1-L1 Genes and Selection of Recombinant Baculoviruses. The Li open reading frames were amplified by the PCR using the cloned prototype of BPV1 (19) or HPV16 (20) (21) and verified by sequencing through the AcMNPV-Li junction. CsCl-purified recombinant plasmid (2 pxg) was cotransfected with 1 ,ug of wild-type (wt) AcMNPV DNA (Invitrogen) into Sf9 cells by using Lipofectin (GIBCO/BRL) (22) . The recombinant baculoviruses were plaque-purified as described (18) and designated AcBPV-Li and AcHPV16-L1, respectively.
Expression of Li Proteins in Insect Cells. Sf9 cells were either mock-infected or infected at a multiplicity of infection of 10 with wt AcMNPV or AcBPV1-Li or AcHPVi6-L1 recombinant virus. After 72 h, cells were lysed by boiling in Laemmli buffer, and the lysates were subjected to SDS/ PAGE in 10%1 gels. Proteins were either stained with 0.25% Coomassie blue or analyzed on an immunoblot probed with BPV-L1 mAb AU-1 (23) or HPV16-Ll mAb CAMVIR-1 (24) and 125I-labeled Fab anti-mouse IgG (Amersham).
Purification of Particles and Transiion Elctron Microscopic Analysis. Sf9 cells (500 ml; 2 x 106 cells per ml) were infected with AcBPV1-Ll or AcHPV16-Li recombinant baculoviruses. After 72 h, the harvested cells were sonicated in phosphate-buffered saline (PBS) for 60 sec. After low-speed clarification, the lysates were subjected to centrifugation at 110,000 x g for 2.5 h through a 40%o (wt/vol) sucrose/PBS cushion (SW-28 rotor). The resuspended pellets were centrifuged to equilibrium at 141,000 x g for 20 h at room temperature in a 10-40%o (wt/wt) CsCl/PBS gradient. Fractions were harvested from the bottom and analyzed by SDS/PAGE. Immunoreactive fractions were dialyzed against PBS, concentrated by Centricon-30'(Millipore) ultrafiltration, and (for HPV16-Ll) pelleted by centrifugation for 10 min at 30 psi (1 psi = 6.9 kPa) in a A-100 rotor in an Airfuge (Beckman). BPV1 virions were purified from a bovine wart (generously provided by A. B. Jenson, Georgetown University, Washington, DC) as described (25) . Purified particles were adsorbed to carbon-coated grids, stained with 1% uranyl acetate, and examined with a Philips electron microscope model EM 400T at X36,000 magnification.
Production of Antiera. Rabbits were immunized by subcutaneous injection of whole-cell Sf9 lysates (3 X BPV1 Neutralization Assay. Serial dilutions of sera obtained 3 weeks after the second booster injection were incubated with z500 focus-forming units of BPV1 virus for 30 min, the virus was absorbed to C127 cells for 1 h, and the cells were cultured for 3 weeks (10). The foci were stained with 0.5% methylene blue/0.25% carbol fuchsin in methanol.
RESULTS
Expression and Characterization of Li Major Capsid Protein. To begin a study of the structural and immunogenic features of papillomavirus virions, we sought to generate renewable reagents in a eukaryotic system by amplifying the complete Li gene of BPV1 by PCR and cloning it into an AcMNPV baculovirus-based transfer vector. The Li open reading frame was placed under the control ofthe baculovirus polyhedrin promoter. After cotransfection of the Li clone with the wt baculovirus DNA into Sf9 insect cells and plaque purification of recombinant clones, high-titer recombinant virus was generated. Extracts from cells infected with wt AcMNPV or BPV1 Li recombinant viruses (AcBPV-Ll) were analyzed by PAGE. After Coomassie blue staining, a unique protein of the predicted size, 55 kDa, was detected in the extracts from the cultures infected with the AcBPV-Ll virus (Fig. 1A) . The identity of this protein as BPV Li was verified by immunoprecipitation (data not shown) and immunoblot analysis (Fig. 1B) using the BPV-Li-specific mAb AU-1 (23) .
Although we were concerned that L2 and/or specific factors provided by differentiated epithelial cells might be required for assembly of papillomavirus virions, the possibility existed that papillomavirus Li has the ability to selfassemble into virus-like particles when overexpressed in heterologous cells. We were encouraged by previous reports that the major capsid proteins of several other groups of viruses, such as hepatitis B (26), polyoma (27) , and parvovirus (28), can self-assemble. We 
the presence of papillomavirus-like structures. In comparison to the wt baculovirus-infected cells, the cells infected with the BPV recombinant virus contained many circular structures of =50 nm, which were preferentially localized in the nucleus of cells (data not shown). These results suggested that self-assembly of Li into virus-like particles had occurred, since in vivo papillomavirus virion assembly takes place in the nucleus and the diameter of the virions has been reported as 55 nm.
Purification of Virus-Like Particles and Transmission Electron Microscopy. To obtain further evidence that the Li protein had self-assembled, we purified virus-like particles from the infected insect cells by using gradient centrifugation. High molecular mass structures were separated from lysates of Li recombinant or wt infected cells by centrifugation through a 40o sucrose cushion and the pelleted material was subjected to CsCl density gradient centrifugation. Fractions were collected and tested for reactivity to the BPV-Lispecific mAb by immunoblot analysis. Li-positive fractions from the gradient were adsorbed onto carbon film grids, stained with 1% uranyl acetate, and examined by transmission electron microscopy. The positive fractions contained numerous circular structures that exhibited a regular array of capsomers ( Fig. 2A ). Most were =50 nm in diameter, although smaller circles and partially assembled structures were also seen. The larger particles were very similar in size and subunit structure to infectious BPV virions that had been stained and photographed concurrently (Fig.   A Proc. Natl. Acad. Sci. USA 89 (1992) 2B). Consistent with previous reports of the density of empty BPV virions (29) , the density of the CsCl fraction containing the virus-like particles was -1.30 g/ml. These particles were not observed in preparations from mock-infected or wtAcMNPV-infected cells (data not shown). From these results, we conclude that BPVi-Li has the intrinsic capacity to assemble into virus-like particles in the absence of L2 or other papillomavirus proteins.
Generation of High-Titer Neutralizing Antisera. Previous attempts to generate high-titer neutralizing antisera against BPV using Li extracted from bacteria have not been successful. Since intact infectious virions, but not denatured virions, are able to induce high-titer neutralizing antibodies, it is likely that the bacterially derived Li was weakly immunogenic because it had not assumed a native conformation and/or had not assembled into virion-like structures. Also, multiple electrophoretic variants of Li have been detected in virions (29) . Some of these modified species, which are probably absent in the bacterially derived L1, may facilitate the generation of neutralizing antibodies. We were therefore interested in determining whether the assembled BPV Li from insect cells could induce neutralizing antisera in rabbits. Two types ofpreparations were tested; whole-cell extracts of Li recombinant-or wt-virus-infected Sf9 cells and partially purified particles, which were isolated by differential centrifugation and ammonium sulfate precipitation. The rabbits received a primary inoculation followed by two booster injections at 2-week intervals.
The sera were tested for the ability to inhibit BPV infection of mouse C127 cells, as measured by a reduction in the Proc. Nati. Acad. Sci. USA 89 (1992) 12183 number of foci induced by a standard amount of BPV virus. A representative assay is shown in Fig. 3 . The immune sera generated by inoculation with baculovirus-derived Li were able to reduce the infectivity of the BPV by 50%o at a dilution of at least 1:11,000 (a titer of 11,000), whereas the preimmune sera from the same rabbits did not inhibit focal transformation at a dilution of 1:20, the lowest dilution tested (Table 1) . Both the crude preparations and partially purified particles were effective in inducing high-titer neutralizing antisera, with 290,000 being the highest titer measured. This was the same as the neutralizing titer ofthe positive control antiserum raised against infectious BPV virions. In comparison, the highest titer generated in a previous'study using bacterially derived Li was 36 (13) . The control serum from a rabbit inoculated with the extract from wt-baculovirus-infected cells was unable to inhibit infectivity at a dilution of 1:20, indicating that the neutralizing activity was Li-specific. Disruption of the partially purified Li particles by boiling in 1% SDS abolished the ability of the preparation to induce neutralizing antibodies (Table 1) .
From the above results, we conclude that the Li particles assembled in insect cells mimic infectious virus in the pre- Serial dilutions of sera obtained 3 weeks after the second booster injections were incubated with BPV1 virus, the virus was absorbed to C127 cells, and the foci were stained after culturing the cells for 3 weeks (10). The antisera and dilutions used are indicated below the plates. Anti-AcBPV-L1 was obtained from rabbit 1 and anti-wt AcMNPV was from rabbit 8 ( Table 1) . n.r.s. is the normal rabbit serum negative control, anti-BPV-1 virion was raised against native BPV virions (23), and Dako is the commercially available (DAKO, Carpinteria, CA) rabbit antiserum raised against denatured BPV virions. AcBPV-L1  1  11,000  2  97,000   3  290,000   4 97,000 BPV1 virions* 5 290,000 AcBPV-L1/SDS 6 <2 7 <2 wt AcMNPV 8 <20 The titer is the reciprocal of the dilution that caused 50% focus reduction. Assays were carried out as in Fig. 3. Rabbits 1, 2, and 8 were inoculated with crude whole-cell Sf9 lysates, and rabbits 3, 4, and 7 were inoculated with partially purified Li protein. Rabbits 6 and 7 were immunized with Li protein preparations that had been denatured by boiling in 1% SDS. At least two sera, taken 3-6 weeks after the second booster injection, were tested for each rabbit and found to have the same titer. The titer of the preimmune sera from each of the rabbits was <20, the lowest dilution tested. *Provided by A. B. Jenson and purified as described (23) .
sentation of conformationally dependent immunodominant epitopes. These results also establish that L2 is not required for the generation of high-titer neutralizing antibodies.
To determine whether the ability to self-assemble in insect cells is a general feature of papillomavirus L1, we also expressed the Li of HPV16, the'HPV type most often detected in human genital cancers, via an analogous recombinant baculovirus. A 58-kDa protein, the expected size, was expressed at high levels in the insect cells infected with the HPV16 Li recombinant virus (Fig. 1A) and it reacted strongly with an HPV16 Li mAb (which also cross-reacted weakly with BPVL1; Fig. 1C ). After CsCI gradient purification, immunoreactive fractions were examined by electron microscopy and found to contain 50-nm papillomavirus-like particles (Fig. 2C) . In comparison to the BPV Li preparations, fewer completely assembled particles were seen. This may be due to the lower levels of expression and/or greater extent of HPV16 Li degradation (Fig. 1) . We 
